Ion beam assisted deposition (IBAD) is used to biaxially texture magnesium oxide (MgO), which is useful as a template for the heteroepitaxial growth of various thin film devices and most notably as a template layer for high temperature superconductors. Improvements in the quality of IBAD MgO films have been largely empirical and there is uncertainty as to the exact mechanism by which this biaxial texture is developed. Using a specially built quartz crystal microbalance (QCM) as both a substrate and monitor in conjunction with reflected high-energy electron diffraction (RHEED) acting on the same surface, we have probed the initial stages of IBAD MgO growth in-situ. We have correlated corresponding RHEED images with real-time mass accumulation QCM data during the film growth. During IBAD growth, the mass accumulation exhibits a sharp change in slope corresponding to a sudden decrease in growth rate. Corresponding RHEED images show an abrupt onset of crystallographic texture at this point. A simple model incorporating differential etch rates of the MgO film and silicon nitride substrate can be used to fit the data but is inconsistent with the behavior during ion etching with no growth. It is, therefore, postulated that a more complex mechanism is responsible for the observed behavior.
INTRODUCTION
The ion beam assisted deposition (IBAD) technique has been used to develop biaxial texture in a number of metals, metal oxides and metal nitrides [1] [2] [3] [4] . The process is an enabling method for the development of second generation high-temperature superconducting coated conductors 2 . Initially, IBAD yttria-stablized zirconia (YSZ) allowed researchers to deposit biaxially aligned template films for the subsequent deposition of heteroepitaxial thin films of YBa 2 Cu 3 O 7-δ (YBCO) on flexible metal substrates [5] [6] [7] . However, these IBAD YSZ films were prohibitive in that they required excessive processing times that precluded them from adaptation to continuous processing for industrial scale-up 8 . In response to this requirement, researchers at Stanford University found that IBAD could be applied to magnesium oxide (MgO) with greater efficiency 9 . MgO required only 10 nm to develop comparable in-plane texturing whereas IBAD YSZ needed at least 0.5 µm 10 . Researchers have continued to improve the IBAD MgO process and adapt it to continuous processing. Most notably, researchers at Los Alamos National Laboratory (LANL) have succeeded in improving the in-plane alignment of biaxially aligned polycrystalline IBAD MgO films with phi-scan full-width at half-maximum (FWHM) values of 5° having been routinely achieved on continuously processed metal tape 11 . These improvements have consisted of developing new IBAD MgO nucleation layers and optimizing ion gun processing parameters. However, even the noteworthy long-length performance of SuperPower, Inc. has been largely based on an empirically determined deposition technique 12 . Several theories have been proposed to explain the mechanism of IBAD MgO texture development. Three primary models have been widely accepted by the IBAD community. Wang et al. propose that oriented grains survive due to differential ion beam sputtering and, upon coalescence; these grains undergo a minimization of grain boundary energy that results in grainto-grain alignment through relative grain rotations 13 . The second model, proposed by Usov and co-workers, depends upon damage anisotropy between crystallographic planes in the grains 14 . Orientations with higher tolerances for damage accumulation survive and grow at the expense of other grains resulting in a preferred orientation. Finally, Brewer and Atwater theorize that oriented grains grow through induced solid phase crystallization by ion beam bombardment of an initially amorphous MgO layer 15 . In a recent paper, we presented data using a novel in-situ quartz crystal microbalance (QCM) as a substrate during IBAD MgO growth 16 . Experiments using this in-situ QCM with temporally correlated reflected high-energy electron diffraction (RHEED) images showed an intriguing phenomenon in the thickness versus time data in a series of experiments using different ion-to-molecule ratios. In each case, the mass accumulation exhibits a sharp change in slope indicating a sudden decrease in growth rate at a critical thickness of ~2 nm. Correlation with RHEED images taken during the deposition showed that MgO developed in-plane crystallographic texture at this same critical thickness.
In this paper, we present data collected on the nucleation events of IBAD MgO. Here, we have further improved our in-situ method to measure the mass accumulation of MgO during IBAD growth with concurrent, temporally correlated monitoring by RHEED. The development of IBAD MgO texture and its correlation to RHEED patterns are discussed in terms of an improved model that describes the deposition data as a function of mass density rather than the observed thickness.
EXPERIMENT
Optically polished 50 nm gold-coated 14 mm diameter 5 MHz quartz crystals (< 3 nm rms) were purchased from Q-sense, Inc. (Glen Burnie, Maryland). These as-received crystals were placed in a custom made fixture. The fixture consisted of a water-cooled copper block that provided sufficient thermal contact with the oscillating crystal using a thin indium seal. The quartz crystal was used as both a QCM and substrate for subsequent depositions of a nucleation layer and the IBAD MgO film. A second integrated QCM crystal was used as the monitor and control for the deposition rate of the MgO vapor flux.
All depositions were conducted in a high vacuum chamber with a typical base pressure of 7.0×10 -6 Pa (5.0×10 -8 torr) at room temperature. A four-pocket 7 cc Temescal SuperSource provided the deposit vapor flux. A two-grid collimated Kaufman ion source at an incidence angle of 45° relative to the substrate normal provided an Ar ion flux to the substrate. The ion fluence was monitored with a separate Faraday cup. The Faraday cup was biased at -100 V to eliminate contributions from electrons to the ion current reading.
Several different thin films were deposited directly onto the in-situ Au-coated quartz crystal and used as IBAD MgO nucleation layers. Typically, a 10 to 20 nm thick amorphous layer of Si 3 N 4 was used. No background N 2 gas was introduced into the chamber during the Si 3 N 4 deposition. The crystalline nature of the deposit was confirmed by observation of the RHEED pattern during deposition. The IBAD MgO layer was deposited with concurrent 750 eV Ar ion and MgO fluxes. An electron beam evaporator provided the MgO vapor flux at 0.05 nm/s to 0.10 nm/s. The flow rate of Ar gas into the system was kept constant at 10 sccm, which corresponded to a chamber pressure of ~5.0×10 -3 Pa. The ion to atom ratio was varied to determine its effect on nucleation of the MgO films. IBAD film growth was monitored in-situ using RHEED. Frames were taken at 1-second intervals during deposition. The RHEED beam is aligned along an axis 90° relative to the ion beam. All patterns were taken at a beam energy of 25 keV.
A computer interface allowed the simultaneous collection of data from both the in-situ and shielded QCMs as well as the images from the camera monitoring the RHEED screen. Direct correlation between the mass accumulation data (and thickness) of the in-situ QCM and the RHEED images were made as a function of time. A schematic of the deposition chamber is shown in Figure 1 with the various instrumentation and apparatus labeled.
DISCUSSION

In-situ QCM data
The use of the in-situ QCM monitor as both a substrate and mass accumulation sensor allows us to record the growth of IBAD MgO as a function of time. The sensitivity of the QCM with respect to mass accumulation (~ 20 ng/cm 2 ⋅Hz) makes it an ideal instrument for measuring the nucleation events in the IBAD MgO process. Our observations have found that there is a repeatable phenomenon that occurs during the biaxial alignment of MgO crystallites using the IBAD process. The selection of the proper QCM crystals as substrates is necessary to ensure sufficient smoothness for the development of biaxial texture in IBAD MgO films. Two different polished, Au-coated QCM crystals were tried in these experiments. Crystals supplied by QSense were the smoothest with rms roughness less than 3 nm. Crystal supplied by Fil-Tech had a slightly rougher polish with an rms roughness near 7 nm. Earlier research suggested that roughness can lead to significant degradation of the in-plane texture 17 . Both crystals were tested and the more highly polished crystals proved satisfactory for our purposes. Figure 2 shows the experimentally observed mass accumulation behavior for IBAD growth on a QCM. The in-situ QCM exhibits two different features. Firstly, there are transients at the beginning and end of growth associated with the onset of exposure of the QCM to the ion and growth flux. These transients are most likely the result of heating of the crystal during ion bombardment. Secondly, there is a change in slope, corresponding to a change in growth rate during the film growth at a critical thickness.
Previously, we also found that data collected for a series of experiments at different ionto-molecule ratios exhibited the similar two-slope behavior observed in our initial experiments. In each case, as the ion-to-molecule ratio is increased, the observed slopes decrease in magnitude. This is as expected since the ion beam current density is increasing leading to a greater etch rate. However, the change in slope occurs at a similar point (~ 2 nm thickness) in each case, regardless of the ratio value. This suggests that there is a critical thickness for the nucleation of the biaxially oriented MgO grains as postulated by Zepeda-Ruiz and Srolovitz 18 . Such behavior was also suggested by Im and Atwater 19 for the ion irradiation enhanced nucleation of crystalline Si in amorphous Si thin films and also proposed by Brewer and Atwater as the explanation for the development of texture in IBAD MgO 15 . QCM data and temporally correlated RHEED images were taken for a series of IBAD MgO thin film experiments. Figure 3 shows a set of snapshots taken for one such experiment. In this case a 10 nm thick amorphous Si 3 N 4 was used as a nucleation layer, and the IBAD MgO film was deposited using a vapor rate of 0.07 nm/s and ion beam flux of 70 µA/cm 2 . The series of images shown in Fig. 3 were taken at six different times in the deposition. Each set contains a line scan through the (02) diffraction spot, a RHEED image and the accompanying QCM data for both the monitor and in-situ crystals. Initially, only a broad background is observed, which is indicative of the amorphous Si 3 N 4 substrate layer. After 20 seconds of IBAD MgO growth, the RHEED pattern shows the formation of rings indicating the development of polycrystalline MgO grains. These images illustrate the abruptness of the onset of the crystallographic texture and its correlation with sudden decrease in growth rate. The spot RHEED pattern associated with inplane crystallographic orientation appears between 39 and 45 seconds in Fig. 3 . At this same time (~ 40-45 seconds) the kink appears in the mass accumulation data, indicating that the net growth rate decreases sharply as the crystallographic texture develops.
The data indicates that the development of biaxial texture in IBAD MgO occurs rapidly as a critical thickness in the film is reached. Initially, randomly oriented MgO crystallites are deposited on the surface. Once a sufficient thickness or island size is present, the MgO crystallites begin to orient. Further evidence of this process is given by the RHEED image. The spot pattern is not only indicative of the biaxial texture in the developing film but also describes the growth mode of the film itself. In this case, the spot indicate that the MgO film is growing by either a Volmer-Weber (island formation) or a Stranski-Krastanov (mixed mode) mechanism. This is in keeping with the mechanism proposed by Zepeda-Ruiz and Srolovitz 18 in their modeling of crystallites of MgO during ion bombardment. This result further suggests that the nucleation layer can influence the growth mode of the IBAD. This is perhaps the reason that certain empirically determined nucleation layers can reduce the degradation of IBAD MgO inplane texture, as is the case with Y 2 O 3 . In any event, more experimentation using the in-situ monitor with different nucleation layers is necessary to elucidate this effect.
Modeling and Theory
Our initial observations show that the sudden change in net growth rate observed in the mass accumulation behavior is correlated with the onset of crystallographic texture in the IBAD MgO films and hint that the observed sudden decrease in net growth rate is related to changes in the crystallographic structure of the growing film. However, given the island growth mechanism of the MgO, it is also possible that the change in slope during growth can be due to a difference in sputter rate between the underlying substrate and the growing film. As the MgO islands grow and coalesce, to cover the substrate, the rate of material sputtered away by the Ar ion beam will change from that of the substrate to that of the MgO film. The spot patterns from RHEED imaging of the surface during IBAD growth indicate island or mixed growth and suggest that some of the substrate surface is exposed to the ion beam. Thus the change in growth rate will be due to coverage of the substrate by the growing film rather than changes in the crystallographic structure of the film.
To investigate this possibility we developed a model incorporating different sputter rates for the film and substrate during growth, and a critical film thickness where the islands agglomerate and the sputter rate changes from that of the substrate to that of the film. During the initial growth, the net growth rate is a balance of the film deposition flux and the ion etch rates of the film. The growth rate is then given by:
where h c is the thickness associated with complete coverage of the substrate by the film, J F is the deposition flux of film material, J I is the ion beam flux, S F is the sputter yield of the film, and V F is the molecular volume of the film. During this initial growth, the quantity h/h c represents the fraction of the substrate covered by the film. For h > h c the substrate is completely covered by the film and the growth rate is given by:
Integrating, we find the film thickness is given by:
where t c is the time at which full film coverage is achieved, and is given by:
The QCM measurement during IBAD film growth reflects the decrease in mass due to sputtering away of the substrate and film as well as the increase of mass due to the depositing film material. Taking this into account we find the rate of increase in mass during the initial deposition (h < h c ) is given by:
where A is the area of the QCM, M F and M S are the molar masses for the film and substrate material, S S is the sputter rate of the substrate material, and h is the film thickness as calculated above. Integrating we find (for h<h c ):
For h>h c the mass accumulation is just a balance of the deposition and sputter rate of the film, and is linear in time: Figure 4 shows the results of fitting the QCM data to the above model for the case of deposition of an MgO film on amorphous Si 3 N 4 , where we have used the data from the monitor QCM (which was exposed to the same growth flux but no ion beam flux) to determine the film deposition rate. The fit to the observed behavior is excellent and the model reproduces the change in slope. The mass uptake behavior is consistent with a MgO film that reaches complete coverage at ~2.7 nm and which has a sputter rate about 3 times higher than that of the Si 3 N 4 substrate layer. Thus as the substrate is covered by the growing MgO film, the net growth rate is reduced due to the higher etch rate of the MgO compared to the Si 3 N 4 substrate layer. In order to confirm this behavior we conducted etch experiments to independently measure the sputter etch rate for MgO and Si 3 N 4 under conditions similar to those during growth, A bilayer of 20 nm of polycrystalline MgO was deposited on top of 20 nm of amorphous Si 3 N 4 deposited on the in-situ QCM, and the resulting bilayer was etched using a constant ion beam flux. As shown in Fig. 5 there is a clear change in slope as the MgO film is etched away and the ion beam begins etching the Si 3 N 4 substrate layer. However, the MgO etch rate (found from the initial slope in Fig. 5 ) is less than that for the Si 3 N 4 substrate layer (0.012 µg/cm 2 s vs 0.016 µg/cm 2 s, respectively). This is inconsistent with the mass uptake during growth, where the etch rate of the MgO film is larger than that of the Si 3 N 4 substrate layer. Thus, the observed kink in the mass uptake behavior during growth cannot be due solely to the differential sputter etch rates and the coverage of the substrate by a film. This suggests that the observation that the sudden change in mass uptake is simultaneous with the abrupt appearance in film crystallographic texture is not just a coincidence, and that the abrupt decrease in mass uptake is related to the change in the crystallographic structure of the film, not just film coverage.
The origin of the connection between structure and net growth rate could be related to the surface structure of the growing film. Before texture is developed, the film is highly disordered and the surface likely has a high concentration of kink sites favorable for attachment of arriving MgO. Thus MgO adatoms are rapidly incorporated into the growing film and are more resistant to being sputtered away by the ion flux. After the crystallographic texture develops, the film surface is likely more perfect with fewer kink sites (this is specially true if the development of in-plane crystallographic texture is associated with agglomeration), and thus adatoms travel a greater distance before encountering a kink site and being incorporated into the film. During this time they are more easily sputtered away and will thus have a lower net sticking coefficient than the case for the more disordered film. We note that the model we have constructed above is applicable to this situation as well, with the substitution of J F = 0. Future experiments are planned to investigate this, including using a mass spectrometer to measure the presence of sputtered species. Although the above mechanism for connecting the film structure with the net growth rate is highly speculative, we can make some concrete conclusions about this behavior and the mechanism of ion beam texturing. Most models for development of crystallographic texture during IBAD growth rely on a differential in ion damage between favorably and unfavorably oriented islands or regions of the film. Favorably oriented regions or islands survive the ion bombardment and thus dominate, while randomly oriented regions or islands are destroyed and re-sputtered by the ion bombardment. This would predict that the net growth rate of the film would increase as the film develops a favorable texture. The observation of the opposite behavior challenges the basic assumptions of this class of model and calls for a re-examination of the origins of texture development during IBAD growth.
It could be argued that the incorporation of argon ions in the growing lattice affects the microstructure of the film. Many experiments have looked at the effect of inert ion entrapment in both thin films and bulk crystals 20 . The majority of these experiments, however, suggest that although the inert gas penetrates into the surface of the film and that this is a function of the ion energy, the trapping probability is very low (<0.1%) for ions with energies below 1 keV 21 . Furthermore, we expect that, due to the islanded growth of IBAD MgO films, the diffusion path for desorption of Ar atoms is small and most likely reduces the entrapment probability even more. As the film thickness increases, the entrapment probability will increase but remains small and, therefore, we expect that the influence of entrained Ar is also small.
SUMMARY
We have used a specially built quartz crystal microbalance (QCM) as both a substrate and mass accumulation measurement device during IBAD MgO film growth. Temporally correlated RHEED images were also obtained. We observe a sudden decrease in mass accumulation rate at the same time as an abrupt appearance of crystallographic texture. The decrease in net growth rate and the development of biaxially crystallographic texture occur at a film thickness of ~2-3 nm. A simple physical model that ascribes the observed behavior to the effect of coverage of the Si 3 N 4 substrate by the MgO film can duplicate the observed behavior if the MgO sputter yield is about 3 times that of the substrate. However, this sputter yield behavior is inconsistent with separate ion etch experiments, which reveal that the MgO etches slower than the amorphous Si 3 N 4 layer. We suggest that the origin of the decrease in mass uptake is related to the simultaneous change in film crystallographic structure and we further postulate that the crystallographic texture results in an increase in film surface perfection that leads to a greater difficulty in incorporating adatoms into the growing film. In any case, the observation of a greater sputter yield associated with the development of crystallographic texture challenges the basic assumptions of most models for IBAD induced texture.
